Background -In patients with chronic obstructive pulmonary disease (COPD) periods of hypopnoea occur during rapid eye movement (REM) sleep, but the mechanisms involved are not clear. Methods -Ten patients with stable COPD were studied during nocturnal sleep. Detailed measurements were made ofsurface electromyographic (EMG) activity of several respiratory muscle groups and the accompanying chest wall motion using magnetometers. Results -Hypopnoea occurred in association with eye movements during phasic rapid eye movement (pREM) sleep. During pREM sleep there were reductions in EMG activity of the intercostal, diaphragm, and upper airway muscles compared with non-REM sleep. Episodic hypopnoea due to partial upper airway occlusion ("obstructive" hypopnoea) was seen consistently in four subjects while the others showed the pattern of "central" hypopnoea accompanied by an overall reduction in inspiratory muscle activity. Although activity of the intercostal muscles was reduced relatively more than that of the diaphragm, lateral rib cage paradox (Hoover's sign) was less obvious during pREM-related hypopnoea than during wakefulness or non-REM sleep. Conclusions -Hypopnoea during REM sleep in patients with COPD is associated with reduced inspiratory muscle activity.
Ventilation during rapid eye movement (REM) sleep is characterised by its variability both within and between subjects."2 In patients with chronic obstructive pulmonary disease (COPD) periods of hypopnoea in REM sleep result in hypoxaemia, but the precise mechanisms are uncertain. In healthy subjects reduced respiratory muscle activity has been shown in REM sleep3-5; this is generally most marked in those respiratory muscles which also have a postural function, with activity of the diaphragm being relatively spared or even increasing. Patients with airways obstruction due to COPD,"8 have been reported to show a similar pattern during REM sleep, but the results have been variable and the numbers of patients studied in detail are few.
One potential consequence of discoordinate inspiratory muscle action is recurrent upper airway narrowing or occlusion. Although early work on nocturnal hypoxaemia in patients with COPD suggested that obstructive apnoea was frequently present,9 the population studied was highly selected and later work appeared to refute this conclusion.'0 It has subsequently been shown, however, that the clinical features associated with the obstructive sleep apnoea syndrome can be seen with obstructive hypopnoea rather than complete apnoea. " In patients with COPD it is not clear to what extent diminished activity of the upper airway muscles in REM sleep may result in obstructive hypopnoea and consequent arterial desaturation.
Many patients with COPD, airways obstruction, and hyperinflation have abnormal rib cage motion when awake. In particular, a commonly recognised feature is inspiratory paradox ofthe lateral rib cage margin (Hoover's sign) due to indrawing by a flattened diaphragm.'2 We postulated that, in such patients, relative sparing of the activity of the diaphragm during REM sleep with suppression ofthe other respiratory muscles might further impair rib cage motion and therefore exacerbate oxygen desaturation.
We studied a group of patients with COPD to elucidate further the patterns of respiratory muscle activity in REM sleep and the ways in which these may result in hypopnoea.
Methods
Ten men with severe COPD and mild to moderate hypoxaemia were studied (table 1). They were middle aged or elderly and of normal build, and all but one had hyperinflation (defined as increased functional residual capacity). None was a regular heavy drinker and all abstained from alcohol for 24 hours before the study. Four subjects (nos 1-4) showed obvious lateral rib cage paradox (Hoover's sign) when examined in the semi-recumbent posture while awake. All subjects gave informed consent prior to participation in the study which was approved by the local ethics committee. LP  8  243  277  8-3  5-4  91  2  76  23-5  LP  24  172  260  8-8  6-1  93  3  69  28-0  LP  30  197  222  7 2  6-2  87  4  69  19 9  LP  23  210  240  8-1  6-1  90  5  60  21-8  Normal  27  236  294  10 9  5 4  94  6  61  24-5  Normal  46  137  202   --90  7  74  21-5  Normal  41  106  309  12-2  2 5  95  8  48  19 2  Normal  11  243  309  7 9  7-7  89  9  53  17-9  Normal  10  279  384  9 0  5-6  94  10  70  18-0  Normal  18  275  111  7 9  4 5  91  Mean  63  21-4  24  210 for the purpose of the present study, surface electromyographic (EMG) activity was recorded from selected respiratory muscles using 9 mm diameter silver/silver chloride cup electrodes (SLE, Croydon, Surrey, UK) applied to carefully cleaned and abraded skin with an impedance of less than 1 kQ. Electrodes were placed at least 2 cm apart over five groups of respiratory muscles: (1) the "genioglossus group" (EMGGe), placed 1 cm to each side of the midline midway between the chin and the hyoid bone; (2) the parasternal intercostal (EMGI,t) muscles lateral to the sternum in the second intercostal space; (3) the diaphragm (EMGDi) in the seventh or eighth intercostal space in the anterior axillary line, on the right to reduce cardiac artefact; (4) the rectus abdominis (EMGRA) muscle 2 cm lateral to the umbilicus; and the external oblique (EMGEXOb) muscle midway between the inferior costal margin and the iliac crest in the mid clavicular line. Signals were amplified, filtered at 40-1000 Hz, rectified, and integrated using a first order low pass filter with a time constant of 50 ms. Both integrated and "raw" EMG data were recorded on digital tape (EDR 128, Earthdata, Southampton, UK). The posture of the subject was recorded with a low light camera (Panasonic, Japan) and an infrared light using a three hour VHS videotape (NV-GI8 Panasonic, Japan) running at half normal speed to give a study duration of six hours. Synchronisation was achieved by superimposition of waveforms on the video image and by placing a clock in view of the camera.'5 The subject was allowed to adopt his preferred posture and left to sleep in the darkened room.
Epochs of wakefulness, non-REM and REM sleep, as assessed by standard criteria after Rechtschaffen and Kales,'6 were identified from a hard copy of the whole study replayed using a chart recorder (TA4000 Gould, Ilford, UK). REM sleep was further divided into phasic (pREM) and tonic (tREM) periods depending on the presence or absence of eye movements using a method similar to that described by Wiegand et al. 5 Only periods of sleep with stable signals and with the subject in his preferred sleeping posture were analysed. Sixteen such periods of REM sleep were identified (range per subject 1-3), together with 29 adjacent periods of non-REM sleep (range per subject 1-4). The data from these periods were transferred to a personal computer using an analogue to digital converter (Dash-16, Metrabyte, Taunton, MA, USA). The periods analysed included mean (SD) numbers of consecutive breaths of 59 (23) and 64 (18) during non-REM and REM sleep, respectively. The analysis was performed using specifically developed software which calculated the peak level of integrated EMG activity above electrical zero, recorded from each muscle for each breath and for the captured section as a whole. 7 Results ofpeak EMG activity in each individual were expressed as ratios between REM and non-REM sleep. Apnoea was defined as cessation of airflow and hypopnoea as a reduction in rib cage excursion of at least 50%, both for at least 10 seconds. Apnoeas or hypopnoeas were classified as "obstructive" when (1) rib cage motion in the posteroanterior dimension was paradoxical relative to abdominal motion, and (2) a large increase was seen in EMGGe at the termination of the event, together with EEG evidence of arousal. Events were defined as "central" when there was an overall decrease in muscle activity accompanied neither by posteroanterior paradox nor snoring.
Statistical comparisons of the magnitude of EMG activity were performed by paired t test after logarithmic transformation of the ratios of activity in REM and non-REM sleep.
Results
The subjects generally slept poorly with mean (SD) sleep efficiency of 45 (20) Figure 1 Mean (SD) ratios ofpeak EMG activity during phasic REM and non-REM sleep recorded from intercostal, diaphragm, and genioglossus muscle groups in nine subjects (subject no. 6 had no pREM sleep). The reductions in intercostal and diaphragmatic activity in pREM sleep were significant (p<0-002 and p<0 001, respectively) and intercostal activity was more reduced than that of the diaphragm (p<002). No satisfactory recordings of EMGG, were obtained from subject no. 10 in REM sleep. None of the six subjects with qualitatively normal rib cage motion while awake developed lateral paradox during sleep. Furthermore, none of the subjects with lateral rib cage paradox when awake showed an exaggeration of this pattern in REM sleep. In general, less inspiratory muscle activity was associated with less paradox (fig 3) .
Three subjects (nos 1, 3, and 9) had repeated episodes of"obstructive" hypopnoea associated with paradoxical movement of the rib cage and abdomen in the posteroanterior dimension. All three were snorers. A fourth subject (no. 4) showed a similar pattern of muscle activity with a large burst of EMGGe activity at the termination of hypopnoea, but without detectable posteroanterior paradox. Since the hypopnoeas in this subject were again associated with snoring, they were also classified George and colleagues'9 who found that falls in Sao2 were closely related to the density of eye movements. They found an overall fall in ventilation during pREM sleep but the mechanism of this hypoventilation was not investigated.
Few studies of the electrical activity of the inspiratory muscles during sleep have been reported, even in normal subjects. In healthy individuals a considerable decrease in intercostal muscle activity is seen while diaphragmatic activity has been reported to be increased3 or suppressed.4 Episodes of hypopnoea are seen particularly in association with eye movements,4 and inspiratory activity of the upper airway muscles has also been shown to be reduced in association with eye movements in normal subjects.'
In patients with COPD Hudgel et al' showed that diaphragmatic EMG activity decreased in most cases during REM sleep but it increased in two of 13 patients; intercostal EMG activity decreased in the one patient in whom it was recorded. No differentiation was made between tREM and pREM sleep. Johnson et al6 studied the activity of the scalene and stemomastoid muscles in patients with COPD and showed consistent reductions in EMG activity in association with pREM, but activity of other inspiratory muscles was not reported.
Despite an acclimatisation night to minimise the "first night effect", our subjects slept poorly. Others 22 In patients with COPD it has been shown that the surface diaphragmatic EMG correlates well with transdiaphragmatic pressure. 7 We found no evidence of abdominal muscle activity during sleep, but cutaneous electrodes are probably less sensitive for detection of expiratory activity as recent work has shown that the most frequently active expiratory muscle in awake subjects with COPD is transversus abdominis, which is the least accessible to surface recording. 23 We classified as "central" those events where an overall reduction in inspiratory EMG activity alone was observed; "obstructive" events were those where abdominothoracic paradox, a large increase in EMGGe at the termination of hypopnoea, and EEG evidence of arousal were observed in the presence of snoring. One subject (no. 4) who was categorised as having obstructive hypopnoea had no detectable abdominothoracic paradox during these events. As has been pointed out previously, this does not exclude obstructive events as no account is taken of motion in the craniocaudal dimension.24 Confident identification of these events would require measurement of oesophageal pressure which was not obtained, but the association with snoring and arousal supports the classification as "obstructive".
We have confirmed and extended previous observations on the important association between phasic eye movements during REM sleep and suppression of activity of the inspiratory muscles in patients with COPD. Our results help to explain the mechanisms of several previous observations in REM sleep -namely, hypoventilation in pREM,' reduced contribution of rib cage to ventilation,7 decrease in oxygen utilisation by the respiratory muscles,8 and oxygen desaturation in patients with COPD related to the density of eye movements.'8 The limited data available from this and other studies suggest that the inhibitory effects of pREM sleep in patients with COPD and normal subjects are similar. The consequences for oxygenation, however, are likely to be greater in patients with COPD, particularly in those of the "blue bloater" type who show more marked arterial desaturation during sleep.25
MECHANISMS OF HYPOPNOEA
The relative degrees of inhibition of the various inspiratory muscle groups during pREM sleep varied between individuals, but the pattern was consistent within an individual, as has also been observed in normal subjects by Neilly et al. 26 Intercostal muscle activity was proportionally more suppressed than that of the diaphragm in all but one of our subjects. The degree of reduction in EMGG, was more variable than that of EMGlnt or EMGDi. The differential suppression of inspiratory muscle groups associated with pREM sleep has clear im-plications for the mechanism(s) of hypopnoea and consequent oxygen desaturation. In all cases in the present study such events were characterised by hypopnoea rather than complete apnoea. Of the nine subjects studied in pREM sleep, the pattern of hypopnoea was classified as "central" in five and "obstructive" in four. A study of patients with the sleep apnoea syndrome suggested that an important determination of whether an event is classified as "central" or "obstructive" is the balance of activity between the upper airway muscles and the inspiratory "pump" muscles.27 A similar balance may be relevant to the genesis of hypopnoeas in some patients with COPD. Thus, overall reduction in activity of the various inspiratory muscles (fig 3, right) results in a "central" hypopnoea whilst disproportionate reduction in EMGGe activity produces an "obstructive" hypopnoea even though activity of other inspiratory muscles is also reduced (fig  4, right) . However, greater reduction in peak activity of the upper airway muscles than in that of the inspiratory "pump" muscles during pREM sleep was seen in only one ofthe subjects (no. 1). Clearly, upper airway anatomy and compliance also contribute to the pathogenesis of narrowing or collapse of the airway, and hence to whether or not an hypopnoea (or apnoea) appears "obstructive" or "central". The calibre of the upper airway is reduced in some subjects with COPD,27 and alcohol consumption has been suggested as a contributory factor to obstructive events in these patients. 28 We did not obtain a complete alcohol history in all our subjects, but subject no. 1 was a non-drinker and none of the subjects drank alcohol within 24 hours of the study. The pattern of hypopnoea between individuals was not related to the posture in which each was studied.
Guilleminault et al9 suggested that desaturation in patients with COPD was commonly due to obstructive apnoea but the study population was highly selected. Subsequently, a prospective study of patients with COPD by Catterall and colleaguesl' concluded that REM-related desaturation in COPD was not due to obstructive sleep apnoea. Although they noted frequent periods of hypopnoea, the mechanism was not investigated. It is, however, now accepted that the full blown clinical picture associated with the obstructive sleep apnoea syndrome can result from frequent obstructive hypopnoea without complete airway occlusion. " Although apnoea may be infrequent in patients with COPD, our data suggest that obstructive hypopnoea may be quite common. This conclusion is also supported by the study by Littner et al29 which suggested that unexpected partial upper airway obstruction, as assessed by intrathoracic pressure measurement, contributed to nocturnal desaturation in three of nine patients with COPD.
DISCOORDINATE CHEST WALL MOTION
Reduced expansion and, occasionally, paradoxical motion of the rib cage during REM sleep have been described in previous studies in patients with COPD and related to inhibition of respiratory muscle EMG activity,67 but the studies concentrated on volume changes of the rib cage compartment as a whole rather than motion in a particular dimension. Seven patients studied by Hudgel et al7 showed paradoxical motion of the rib cage compartment during REM sleep, with five exhibiting this pattern only in the hypopnoeic periods of REM sleep, but the relation to specific inspiratory muscle activity was not clear. Johnson and Remmers6 reported paradoxical motion of the rib cage compartment in association with reduced EMG activity of the scalenus anterior muscle during pREM sleep, but no data were given on intercostal or diaphragmatic activity; abdominal excursion increased but only by a small amount. Since, however, similar compartmental paradox occurs with hypoventilation due to narrowing of the upper airway, "central" and "obstructive" hypopnoea cannot be distinguished using this criterion alone. 2 We are unaware of any previous studies which have assessed lateral rib cage paradox (Hoover's sign) during sleep. Although our series included only four subjects with Hoover's sign while awake, we found consistently that lateral paradox became less, rather than more, evident during pREM-related hypopnoeas. Classically, Hoover's sign is associated with a low flat diaphragm and the proposed mechanism involves abnormal traction on the lateral rib cage via its insertional effect. 2 We hypothesised that loss of intercostal muscle activity and relative preservation ofdiaphragmatic activity during REM sleep might exaggerate the distortion, but clearly this was not the case. However, a change in magnitude of the integrated EMG activity may not be related directly to the force of muscle contraction and there is some evidence that, during REM sleep, electromechanical coupling of the diaphragm becomes less efficient.30 Such an effect might counter the greater rib cage distortion which would be expected from relatively unopposed diaphragmatic contraction. Alternatively, the degree of lateral rib cage paradox in subjects with hyperinflation may depend simply on the strength of diaphragmatic contraction, irrespective of any potential stabilising effect of intercostal muscle activity.
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